Abstract. We demonstrate experimentally the resonant extinction of THz radiation by a single plasmonic bowtie antenna, formed by two n-doped Si monomers with a triangular shape and facing apexes. This demonstration is achieved by placing the antenna at the output aperture of a conically tapered waveguide, which enhances the intensity of the incident THz field at the antenna position by a factor 10. The waveguide also suppresses the background radiation that otherwise is transmitted without being scattered by the antenna. Bowtie antennas, supporting localized surface plasmon polaritons, are relevant due to their ability of resonantly enhancing the field intensity at the gap separating the two triangular elements. This gap has subwavelength dimensions, which allows the concentration of THz radiation beyond the diffraction limit. The combination of a bowtie plasmonic antenna and a conical waveguide may serve as a platform for far-field THz time-domain spectroscopy of single nanostructures placed in the gap.
Introduction
Terahertz time-domain spectroscopy (THz-TDS) has a great potential for the investigation of fundamental transitions in organic and inorganic molecules and nanostructures. Translational and rotational degrees of freedom in polyatomic gases and bio-molecules, lattice vibrations in crystalline structures, conduction electrons in metals and semiconductors, all have resonances at THz frequencies in the range of 0.1 − 3 THz [1, 2, 3, 4] . In typical far-field implementations of THz spectroscopy, the wavelength greatly exceeds the length scale of the individual objects under investigation, e.g., bio-molecules or nanostructures. Therefore, spectroscopy of single objects is challenging and measurements are usually performed in large ensembles at high concentrations. When working with a limited amount of material or individual objects, the response may drop below the detection threshold. In order to compensate for these constraints, local field enhancements into subwavelength volumes are needed. Resonant conducting structures, sustaining localized surface plasmon resonances (LSPRs), are key in realizing these large local field enhancements [5, 6, 7, 8] .
In this manuscript, we demonstrate that it is possible to detect and measure the extinction of a single bowtie antenna in a standard THz time-domain spectrometer. The antenna is formed by two triangular monomers with facing apexes and separated by a 5 micron gap. The monomers are made of doped Si with a metallic behavior at THz frequencies [9] . The investigated antenna exhibits an LSPR at 0.4 THz when excited by a plane wave polarized along its long axis. This resonance is the result of the coherent oscillation of the free charge carriers, harmonically driven by the incident THz electric field. Plasmonic bowtie antennas can locally enhance the field at the LSPR frequency by several orders of magnitude in the gap between the individual monomers. This gap has typically a volume of ∼ 10 −6 λ 3 . The large field enhancement in deep subwavelength [15] . Enhanced THz transmission through conically tapered waveguides has been recently reported by Nguyen et al. [16] . We extend here the application domain of conically tapered waveguides by measuring the extinction of single resonant antennas located at the waveguide output, where the field is enhanced.
A schematic of an experiment conducted on a single antenna is shown in figure 1(a) .
A linearly polarized THz beam is used to illuminate a single plasmonic antenna. Since the antenna has an extinction cross section much smaller than the size of the beam, only a small fraction of the incident field is extinct by scattering and absorption in the antenna. The majority of the field is transmitted as unperturbed by the antenna, leading to a large background in extinction measurements. In order to reduce this background, a thin metallic screen can be used to only transmit the relevant part of the THz beam that interacts with the antenna ( figure 1(b) ). Although the signal-to-background ratio is improved in this configuration, only a small fraction of the pulse is used and the signalto-noise is not increased. To enhance the signal-to-noise, it is possible to use a tapered waveguide. The conical design guides the off-center parts of the field in the direction of the antenna, resulting in an enhanced THz electromagnetic field at the output aperture.
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This field enhancement leads also to the enhanced response of the antenna, allowing a more sensitive spectroscopy.
The article is organized as follows: The fabrication of the bowtie antenna and the waveguides is described in section 2. In section 3, we present simulations of the near field enhancement of a single bowtie antenna and the conical waveguide, as well as its The semiconductor plasmonic antennas have been fabricated using conventional micro-fabrication techniques [17] : A silicon-on-insulator (SOI) wafer with a 1.5 µm thick undoped top layer is implanted with arsenic atoms, introducing a free carrier The behavior of semiconductor antennas is determined by the doping level, and the antenna geometry. The bowtie antenna is formed by two monomers with a triangular shape with a base of 100 µm, a triangle height of 300 µm and monomer height of 1.5 µm.
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Simulations
The local field enhancement of the bowtie antenna and the transmission properties of the conical waveguide are studied using a 3D finite element method (FEM) in the frequency domain (COMSOL Multiphysics). For the simulations, we use the antenna dimensions determined from the optical image (figure 2(c)). The dielectric constant of n-doped Si at 0.4 THz is determined with the Drude model [18, 19] to be = −2.
For simplicity, we consider the antenna to be in vacuum and illuminated with a monochromatic continuous plane wave at normal incidence to the plane of the antenna.
The frequency of the simulations is 0.4 THz. As it is shown in section 4, the bowtie antenna has a LSPR around this frequency. 
THz transmission and extinction measurements
The THz transmission experiments were carried out with a standard THz-TDS setup In the simulations, the complete input aperture is illuminated by a plane wave, whereas in the experiments the pulse has a Gaussian profile and it is slightly smaller than the input aperture of the waveguide. This smaller size of the beam reduces the effective height of the waveguide and introduces a blue-shift of the interference features. increase the THz field-matter interaction to a level at which far-field spectroscopy of single nanostructures at THz frequencies might be possible.
Conclusion
We have experimentally demonstrated that a conically tapered waveguide can be used to funnel and enhance the THz intensity. This intensity enhancement allows us to measure the extinction of a single THz plasmonic bowtie antenna, which otherwise cannot be detected due to the large background of unscattered radiation. The transmittance properties are also investigated numerically finding an excellent agreement with the measurements. The large localized field enhancements that can be achieved by bowtie antennas in subwavelength volumes, may open the possibility of using standard farfield THz time domain spectrometers for the detection and spectroscopy of single nanostructures.
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